This study aims to provide insight on the nexus between innovation, economic growth and CO2 emissions. In order to achieve this, data on potential factors such as innovation, environmental taxes, research and development (R&D) spending, electricity production, population size, high-technology exports and prices of photovoltaic systems are collected for the sample of the leading innovative countries over the period from 1990 to 2014. Based on a cointegrated panel methodology and a vector error correction model, the long-run, as well as the short-run dynamics of all possible combinations between the variables under study, are estimated. The results reveal that except for China, economic growth is mainly driven by electricity production, population size, CO2 emissions and R&D spending. However, innovation was found to have lesser effect on economic growth. In addition to that, the authors found evidence in favor of CO2 emissions being affected positively by population size and prices of photovoltaic systems and negatively by environmental taxes, high-technology exports, R&D spending and innovation. Moreover, on the contrary to population size, well-being is positively affected by CO2 emission and R&D spending.
Introduction

9©
During the past two decades, many countries took actions to mitigate climate change, undergoing a structural shift from fossil fuel-based economy towards a green economy. To achieve this goal, a massive deployment of green technologies has been pursued, and policy efforts have been undertaken in order to allow for less carbon emissions to produce the electricity needed by the whole residential, commercial and industrial markets, target more environmentally-friendly transport options, and help replace energyintensive products with products that are more environmentally sustainable.
Moreover, many countries have concentrated on acquiring production technologies, skills and talent not only to address climate change, but also to obtain a larger share of the green business. In fact, although the main drivers in mastering a production technology are not easy to identify, particularly when the technology has been initiated and developed by other countries, there is general agreement that innovation is the main driver of economic and social progress, and is an important path to help address climate change.
The majority of countries have increased significantly their R&D budgets to spur stronger technology industries and producers towards developing new products or/and improving existing designs. Other parameters, such as the environmentally related taxes (ERT), the domestic spending on research and development (GERD), electricity generat, the size of population, hightech exports, and the average prices of photovoltaic panel systems are often cited, since all of these parameters are likely to play an important role ( Figure 1 ).
The literature dealing with interrelations between GDP growth, R&D expenditures, energy sector, electrical energy consumption, technology patents, energy technology patents, CO2 emissions, electricity consumption, fossil fuel prices and costs of PV technology is extensive, and sometimes confusing. However, the reported studies are limited to a particular choice of a country or a group of countries, a particular time period of varying length, and a particular relationship and concern only specific proxy variables.
The objective of this study is to identify and analyze all the long-term relationships between all the relevant economic variables involved over the same time period and on the same country basis. Countries targeted are chosen among the most active in terms of patent applications. Two key variables are targeted: real GDP and CO2 emissions. Specifically, the analysis presented in this paper focuses on the existence of long-term and short-term relationships between these variables and between the innovation, the environmentally related taxes (ERT), the domestic spending on research and development (GERD), the electricity generated, the size of population, the high-technology exports, and the level of price of photovoltaic panel systems.
Fig. 1. Interactions between the different variables
For the purpose of empirical analysis, a comprehensive list of proxy variables/indicators is established. Moreover, the analysis is specific to a panel of countries that are the most active in terms of patent applications. The period between 1990 and 2014 is selected for the analysis since it has experienced the most deployment of renewable energy technologies in history so far.
Using a cointegrated panel methodology and the vector error correction model (VECM), the longterm and short-term dynamics are examined through all combinations of variables in order to highlight the most likely relationships that meet the long-term equilibrium conditions. The remainder of this paper is organized as follows: section 1 presents a select review of the pertinent empirical literature; section 2 describes countries and data selection, research methodology, and data processing; section 3 gives the empirical results and analyses and discussions, and indicates the limitations with some suggestions for further research; The final section draws the main conclusions and policy recommendations resulting from the analysis results.
Literature review
The literature examining the relationship between growth, innovation that is driven by R&D and CO2 emission is abundant. Everett et al. (2010) went over the literature that focused on the environmental policies intended to affect investment in innovation and, hence, growth. They evinced the complexity of the relationship between economic growth and the environment and tried to provide some insight to design effective policies that respect the environment and help the economy achieve sustainable and durable economic growth. Our main objective is to verify to which extent innovation can generated growth while reducing CO2 emissions. In particular, we focus on the literature that deals with renewable energies, notably the photovoltaic energy. We intend to provide a brief review of the main studies by presenting the methodologies employed and main results achieved.
The majority of the studies that explored the relationship between energy consumption and GDP treated the case of developing or emerging countries, and rarely that of developed ones. In addition to that, the methodologies that are often employed are mainly the cointegration models or the Granger causality techniques. Among the studies that dealt with developing or emerging countries, we can cite Lee (2005) , Wang et al. (2012) , Kapusuzoglu and Karan (2012) and Van der Zwaan et al. (2016) . Lee (2005) examined the relationship between energy consumption and GDP for 18 developing economies over the period from 1975 to 2001. Using panel-based cointegration error correction models, he found evidence in favor of the growth hypothesis. That is, energy consumption drives GDP growth both in the long run and in the short run. Hence, for developing economies, restrictive energy policies can hamper growth. Wang et al. (2012) differentiated between fossilfueled energy and carbon-free energy technologies and explored the causality running from energy technology to CO2 emissions for 30 provinces in Mainland China over the period from 1997 to 2008. Based on dynamic panel data, they found that on the contrary to fossil-fueled energy technologies, carbon-free ones helped reduce CO2 emissions, especially in Eastern China.
Kapusuzoglu and Karan (2012) considered a set of factors including total population, share of rural population, GDP, energy prices and carbon dioxide emissions for a sample of 30 developing countries over the period from 1971 to 2007. They used Granger causality methods to explore the causal relationship between energy consumption and the factors chosen. They found no general causal relationship between energy consumption and the factors chosen for all countries. In fact, they claimed that such a relationship seems to be countryspecific. However, they found evidence in favor of the quantity of CO2 emissions being closely correlated with energy consumption. Nevertheless, due to the difference in the energy efficiency level of each country, its change is not proportional. In addition to that, they detected the existence of a causal relationship between energy consumption and GDP for the countries, where energy is considered as a more important factor of production than capital or labor. They also claimed that for the developing countries, considered energy prices are found not to strongly affect energy consumption.
Van der Zwaan et al. (2016) focused on electricity production in Latin America, which is responsible for significant increases in greenhouse emission, but considered as a part of the efforts deployed to dwindle the climate change effects. They suggested several scenarios and assessed the future quantities of CO2 emissions in Latin America. They also evaluated the relation between economic growth and the electrification of the energy system in order to reduce CO2 emissions.
Among the studies that dealt with developed or emerging countries, we can cite Lorde They focused on electricity consumption and distinguished between residential and nonresidential sectors. They found evidence in favor of a long-run relationship between electricity consumption and economic growth. In particular, electricity consumption by non-residential drives GDP growth in the long run and granger causes real GDP in the short run. Lanzi et al. (2012) considered the incentives used by 11 OECD countries over the period between 1978 and 2008 to employ electricity production technologies that help to alleviate climate change effects. They found that fossil-fuel prices impact significantly the invention activities within or across the different technologies considered. They suggest that after a certain price level of fossil fuel, the invention activities will move away from fossil fuel based technologies to the renewable energy technologies.
Zheng and Kamman (2014) constructed a dataset for the photovoltaic industries in the United States, China, Japan, and Germany covering the period from 2000 to 2012. They examined the significance of innovation and cost reduction in photovoltaic technology as a potential long-run solution to alleviate climate change effects. They suggested that incentivizing innovation in the photovoltaic sector should be conducted until rendering it costcompetitive relation to the conventional electricity production, after which it can benefit from economies of scale, market growth and cost reduction to enjoy a self-expanding phase.
2. Methodology and data description 2.1. Methodology. The empirical analysis in this study is conducted using a cointegrated panel methodology to overcome the endogeneity and the nonstationarity problems. In particular, the constructed two-dimensional panel data provided us with a large number of observations and helped us increase the degrees of freedom, while reducing collinearity between variables. Our approach consists of the following three steps.
First, for each variable under study, we apply five panel unit root tests that were proposed by Levin (Dickey & Fuller, 1981) , and Fisher-PP (Phillips & Perron, 1988) . These panel unit root tests have higher power than unit root tests based on individual time series (Maddala & Wu, 1999; Choi, 2001 ). The null and the alternative hypotheses of all these tests are provided in Table 1 . According to the results of the panel unit root tests, we can safely conclude that all the variables under study are integrated of order 1, I(1). Second, we perform the heterogeneous panel cointegration tests developed by Pedroni (1995 Pedroni ( , 1997 and Kao (1999) . These tests are based on an examination of the residuals of a spurious regression performed using I(1) variables. When the variables are cointegrated (the alternative hypothesis), the residuals are expected to be I(0). Otherwise, the residuals will be I(1) (the null hypothesis). Consider the following regression, where y and x are assumed to be I(1), and are heterogeneous intercepts and trend coefficients across cross-sections: 
Under the null hypothesis of no cointegration, the residuals
, it e will be I(1). We test whether the residuals are I(1) by performing the following regression:
where ρ i = 1 indicates the non-rejection of the null hypothesis of no cointegration.
Pedroni distinguishes two alternative hypotheses: the homogenous alternative ( ρ ρ 1, i = for all I), which Pedroni terms the within-dimension test, leading to eight statistics, and the heterogeneous alternative ( ρ ρ 1, i = for all i) referred to as the between-dimension, leading to three other statistics.
A total of eleven statistics are generated, whose properties depend on the number of periods and the number of cross-sections. The tests for cointegration proposed by Pedroni also allow for three deterministic trend specifications (individual intercept only, individual intercept and individual trend, and neither intercept nor trend). The Kao test is based on the same approach as the Pedroni tests, but specifies cross-section specific intercepts and homogeneous coefficients on the first-stage regressors. It also allows for three types of lag length selection (Akaike Info Criterion, Schwartz Info Criterion, and Hannan-Quinn Criterion).
Third, in order to confirm the existence of cointegration and examine the short-run and longrun causalities, we apply a panel vector error correction model (VECM). More precisely VECM is a restricted VAR designed to be used for nonstationary series that are known to be cointegrated. Engle and Granger (1987) demonstrated that a set of I(1) cointegrated variables can always be represented by a VECM model, meaning that the variations of a dependent variable are explained, on the one hand, by the variations in the other explanatory variables, and, on the other hand, by a function of the level of imbalance occurring in a long-term relationship, called the error correction term. The VECM model can be described by the following equation: Our analysis is performed using a panel data set of 12 countries including China and India, spanning the period from 1990 to 2014, as described in section 2.2. Proxies are selected for a set of variables and a vector error-correction model is constructed when cointegration exists. Later, the long-run and short-run dynamics are examined through all possible combinations of the variables considered by the study. 
The existence of a long-term relation leads 10 to retain only the equations for which the coefficient C in eq. (4) is negative and significant. Furthermore, in order to facilitate economic interpretation, only limited number of equations is kept including those that are such that if the dependent variable is expressed as a value, the explanatory variables are not expressed in log and vice versa. Finally, and to ensure a minimum quality of regression models, R2 is set to be higher than 0.6 and DW to be higher than 1.65. 1 The authors firstly select one group from groups 1 or 2, then four groups (in the disorder) from the remaining seven groups, i.e. 70 choices (2 Hence, 284 equations are pre-selected, satisfying four conditions: cointegration is confirmed, long-run equilibrium association is proven, R2 adjusted is greater than 0.6 and DW is greater than 1.65.
 Second step: Vector error correction model estimation
For the 284 pre-selected equations, a vector error correction model (VECM) is established to examine for short-run and long-run causalities. Accounting for the trends TCE and TVAR in data, each equation (4) is indeed estimated five times, leading to 1,420 VECM regressions. Estimation results (Table 3) show 998 equations out of 1420 satisfying the conditions that the coefficient C is significant, C<0, R²adj > 0.6 and DW>1.65, with a majority of them concerning GDP (71%). Among these equations, only four dependent variables Y are involved: Figure 11 in the Appendix.
Panel data countries and period.
The choice of the sample countries is based on data availability, especially, information about innovation. Patent statistics and R&D data are widely used in economic studies as innovation proxies, although they are both open to criticism. For the analysis conducted in this study, the total number of patent applications over the period 1995˗2015 through the World Intellectual Property Organization (WIPO) is selected as a measure of innovation. Table 4 shows that twelve countries (ten OECD countries plus China and India) heads the ranking, with about 88 percent of total patent applications, (32,295,639 from 36,895,996); these countries are Canada, China, France, Germany, India, Italy, Japan, Republic of Korea, Spain, Switzerland, United Kingdom and United States. Thus, in this study, we will focus our analysis on these specified countries. Data published by the World Bank (WDI) also show that these countries account for 77.4 percent of research and development expenditures in the world, for the period between 1996 and 2014, and 86.7 percent for the period between 2010 and 2014. These countries account for about 50 percent of the world's population ( Figure 2 ); approximately 65 percent of the global GDP, and about 65 percent of global CO2 emissions. Their total electricity production is around 65 percent, while solar photovoltaic electricity production exceeds 85 percent. Moreover, the development of photovoltaic energy really began around 1990, and experienced a significant and continuous growth over the next few years. The empirical analysis is carried out using annual data for these 12 countries for the period between 1990 and 2014, namely Canada, China, France, Germany, India, Italy, Japan, Republic of Korea, Spain, Switzerland, United Kingdom and United States.
Data description.
Technological innovation.
Firms spend significant resources on research, depending on the nature of their activity or their products, in order to make discoveries that can help develop new products. Research carried out and efforts undertaken are rewarded and resulted in patents granted, which are generally considered a good indicator of performance in research and development. The number of inventions (simple patent families) developed by country's inventors, have emerged as one of the main indicators suitable for measuring innovation and for tracking developments in technologies in general.
Using the total number of patents, all technologies developed (covered) by the OECD as a proxy to measure technological innovation, Figure 2 shows that since 2003, these countries experienced the largest share of patent applications, exceeding 80 percent of the global total. The same observation holds for the number of patents related to the photovoltaic sector based on OECD statistics, and for the patent applications shown in the most recent World Bank data (worldwide patent applications filed through the Patent Cooperation Treaty procedure or with a national patent office).
According to the OECD statistics and WIPO data, Figure 3 and Figure 4 indicate that Korea, United States, Japan, Germany and China are the major inventors (all technologies), and are also, with varying degrees, the most active in solar photovoltaic energy technologies.
Fig. 3. Cumulated five previous years patents (all technologies)
Differences in patent activity among countries reflect the substantial heterogeneity in the size and structure of the economy, the size of the population, and the budget devoted to innovation and dedicated to research and development. Thus, it is more appropriate to consider the number of patent applications relative to GDP, population, R&D budget, environmental taxes, etc. For two decades, as reveals the Figure 5 , the Republic of Korea held by far the first position in number of patents application per GDP, with an increase of 7.3% annually. Germany stood in second place, followed by Japan and the United States. It is noteworthy that for all the twelve countries, the curves display an increasing ratio. For almost all the 12 countries, one can also see ( Figure 5 ) a slight decrease in the patents application-to-GDP ratio from 2008 onwards, with the sharpest decline recorded for China. The Republic of Korea had also the highest applicationsto-population ratio, followed by Germany, Japan, Switzerland and the United States. China is by far the largest CO2 emitting country, mainly due to the size of its population and economy, but also because of the high share of coal in its energy mix (PBL and JRC, 2015). The rate of carbon emissions depends on various factors, such as the changes in the structure of the economy and its size, the growth of the economy itself, the energy intensity (total energy consumption per unit of GDP), the share of fossil fuel consumption in total energy consumption, GDP per capita, and the population size. Policy actions such as public expenditures on energy R&D also play a significant role in mitigating the CO2 emissions at a country level.
CO2 emissions.
The highest carbon emission intensity (CO2 emissions by GDP ratio) levels were registered in China, India and Republic of Korea ( Figure 7) . Noteworthy, the carbon emission intensity has a sustained downward trend for the twelve countries exceeding two percent per year. These changes have several explanations. Among them, the structural changes in the economy, for example, in the relative share of gross domestic product (GDP) produced by the industrial, agricultural, or services sectors. Another factor is about the effects of environmentally related taxes on the spending household income, such as for heating and electricity. R&D expenditures are also likely to spur more research and marketing, leading to inventions in efficiency-enhancing electricity generation technologies as well as energy efficient vehicles, and encourage fuel efficiency investments.
The range of per capita carbon emission levels across countries is very large (Figure 8 ), reflecting wide divergences in energy end-uses. While the amounts of CO2 per capita are falling down for the majority of the countries considered in the study panel, India, China and Republic of Korea showed a substantial growth. Using the Kaya decomposition analysis (1990), the main macroeconomic drivers of CO2 emissions trends can be identified. Specifically, the identity expresses, for a given period, CO2 emissions as the product of population, per capita economic output, energy intensity of the economy (primary energy consumption/GDP) and carbon intensity (CO2 emission by primary energy consumption). Figure 9 shows that GDP per capita is manifestly the main driver for the emissions growth, outpacing the growth of population and the decrease of CO2 emission by GDP ratio. The latter was of significant contribution in mitigating the CO2 emission growth. Only China, India and the Republic of Korea have an important gap to close, as they contribute around 38 percent of the total world CO2 emissions in 2013, respectively, 30.3%, 6.0% and 1.7% (see Figure 6 ).
Environmentally related taxes and R&D budgets.
In order to achieve a sustained economic growth while enabling to address environmental challenges, governments implemented policies and designed instruments to shape relative prices of goods and services, and allocated budgets for R&D in innovating technologies.
Environmentally related tax (ERT) revenues, as a market-based instrument, have been designed to meet environmental and economic objectives, and consisted essentially of revenues from taxes on energy use and vehicles. Of course, the ERT has affected the international competitiveness of the countries industry. While these taxes were designed to meet primarily climate change goals, the environmental effectiveness of these measures is questionable and should be integrated as part of the whole market based instruments. Table 3 shows that the ratio ERT to GDP varies between about 1 and 2.5 percent for most countries. The greatest percentages are observed for Italy and the Republic of Korea. Public investment in R&D also plays an important role in fostering innovation and in developing products that are more environmentally sustainable.
Between 1995 and 2014, as shown in Figure 10 , China and Korea experienced the most important increases in R&D intensity (defined as GERD as a percent of GDP), and the highest values recorded are again found for the Republic of Korea and China, followed by the United States, Japan, Germany and India. This trend confirms the significant increase effort in R&D in emerging market economies, and its importance in turning these economies into high value-added producers.
Empirical results and discussion
As a reminder, the approach, followed in the analysis, examines only the equations that show the existence of a long-term equilibrium relation. Moreover, the analysis considers only significant coefficients to be taken into account. This reasoning led to only four dependent variables as indicated in Table 3 . Among the variables listed in Table 3 , three variables LOG(CO2_EMISSION), CO2_EMISSION_PC and LOG(CO2_EMISSION_PC) are not concerned by a long-term equilibrium relation linking them to the other variables. Only the variable CO2_EMISSION arises from this group 1. Similarly, among the variables dealing with GDP (group 2), the three variables GDP_PC, H_TECH_EXP and LOG(H_TECH_EXP) are not concerned by a longterm equilibrium relation linking them to the other variables. Table 11 to Table 14 in the Appendix summarize these details for GDP_2010US, LOG(GDP_2010US), LOG(GDP_PC) and CO2_EMISSION. Specifically, These Tables provide values for the long-term coefficients, the short-term coefficients at t-1 and the short-term coefficients at t-2, referring respectively to Ai, Bi and Ci coefficients in the equation (4).
Real GDP drivers.
Focusing on GDP as dependent variable (Table 11 in Appendix), it appears that electricity production has the most direct long-term effect: 1 USD of GDP (at market prices, constant 2010) is associated with a 0.243 kWh increase in electricity generated. A short-term effect is also present with a negative sign at one year and positive sign at two years. The electricity production elasticity of GDP is 0.847 for the long term (Table 12 ). This indicates that the countries panel's economy is energy-dependent and, hence, electricity generation will result in economic growth. In other words, energy scarcity reduces economic performance. Hence, electrical energy sector acts as a driver of long-term economic growth.
Electricity demand is closely linked to GDP, as industries need energy to operate, electricity consumption increases when business prospers. Nonetheless, the relationship between GDP and electricity demand is rather complex. Indeed, focusing on energy end-uses, the electricity generated is broadly consumed by four segments: industrial, residential, commercial, and transportation. The primary electricity consumers differ between countries (refer to Figure 12 in Appendix). While the energy used by the commercial and public services sector ranges between 28 and 36 percent in 2014, China and India excluded, the greatest country disparities arise concerning the share of the industrial and the residential sectors. In 2014, the industry sector is by far the largest electricity consumer for China, Korea, Germany and India, whereas for the United States, France and the United Kingdom, the residential sector is the most significant consumer. In addition, the panel of evaluated countries is experiencing slower electricity demand due to the effects of the increasing efficiency in domestic appliances, the switching to renewable energy technologies for space heating and cooling and for water heating, and the emergence of efficient machines consuming less electricity.
On the other hand, a country's GDP stems from the industrial, agricultural, and services output. In countries that have high exposure to the industrial sector, the relationship between GDP and electricity generation is high since the industrial sector demands more energy than the service and agricultural sectors. Therefore, the structural changes which affect economic sectors have effects on the electricity demand. Moreover, within the same sector of activity, the development of new processes that is less energy-intensive, lead to higher productivity by having the same output with less energy consumption. Power producers and electricity suppliers are also involved, in particular with the new ongoing green programs.
Overall, the analysis shows that GDP is positively linked to the electricity generated in the long term, with an electricity production elasticity of GDP less than one. Moreover, the structural shifts in the economies of the different countries ˗ which have diverse origins, such as competitions between companies on the domestic and international levels, environmental policies, and electricity prices ˗ have been accompanied by improved energy efficiency. Population size has the second most relevant longterm impact on real GDP, also positively with a per capita contribution of 27.978 USD. In contrast, population size has no short-term effect. The population elasticity of GDP is 0.708 for the longterm effect (Table 12 in Appendix), indicating that changes in countries' population size lead to increases in output, due to increase in human skills and workforce. Far more important, it is noteworthy that real GDP per capita is negatively related to the population size with an elasticity of ˗0.569 (Table  13 in the Appendix). The same long-term negative impact is found when a set of analyses is carried out using smaller panels by excluding one country including China, the US, India, Korea, or Canada.
In fact, several internal and external factors underlie the assumptions of the different models of economic growth.
These factor are linked to the marked rise in working-age population, the improvement access to education and training, raising workers' skills levels widely, the labor globalization and the significant expansion of immigration, the rise in trade openness, and the facilitation of relocating manufacturing processes to less costly foreign locations (offshore outsourcing). The analysis approach, considered in the study, does not depend on the assumptions of a particular model. Even if the transmission processes are not explicitly modeled, the considered analysis takes into consideration a broader range of transmission processes from population to real GDP per capita. In this respect, it is worth recalling that the reported literature dealing with the relationship between population and real GDP per capita is extensive including the neo-classical growth theory, and the endogenous growth theory . In the first, economic growth is driven by productivity enhancement, particularly improvement of industrial production and technology, but the linkage between population growth and capital accumulation or technology is not proven. In the second, technological change is driven by population growth, and the transmission mechanism allow for a positive long-run relationship between population and the level of real GDP per capita.
Thus, the findings of the analysis conducted in this study are more consistent with the implications of standard neo-classical growth models, and are seemingly at odds with the implications of endogenous growth models.
Similarly, CO2 emissions are also positively associated with GDP in the long-term, with 280 gr CO2 (1÷0.01309 = 76.4 gr Carbon) per USD of GDP (Table 11 in the Appendix). Among the 198 equations in which the variable CO2 emissions is present, only 5 have a significant short-term coefficient, indicating that the short-term effect is rather weak or non-existent. The CO2 emissions elasticity of GDP is 0.703 (Table 12 in Appendix), which is close but lesser than the electricity production elasticity of GDP. Regarding GDP per capita, Table 13 in the Appendix shows that CO2 emissions as well as CO2 emissions per capita are beneficial to the standard of living. The GDP per capita elasticity to CO2 emissions is 0.591 (Table  13) . However, it must be stressed that such CO2 emissions are production-based, counted as the national emissions generating from domestic production, and ignore the emissions embodied in international trade and global production chains.
Patent applications relating to photovoltaic sector (WIPO statistics) also appear to have a negative long-term impact on GDP. At the opposite, the analysis results show a presence of a positive effect in the short term. Unlike patent applications related to photovoltaic sector, the number of inventions accounting for all technologies (OECD patents data) shows a positive effect in the long-term, in line with the findings reported by the majority of the studies from literature that used patents as an innovation measure. However, this result is not convincing. Indeed, testing for robustness by repeating the same regressions after removing China from the panel, inventions accounting for all technologies appears to have a negative effect on GDP in the long term ( Table 9 in the Appendix), meaning a decreasing role of innovation on economic growth when China is excluded from the panel. Moreover, Table 9 shows a positive impact of patents all technologies on economic growth when the panel considers China, but exclude any other country.
It is sensible to question whether innovation still plays a positive role in driving economic growth as it did in the past. Figure 13 in the Appendix shows that the ratio GDP to the 5-year cumulated patents observed various paths among countries. The ratio indicates a continual decline trend for most of the countries. Only China demonstrated an upward reversal of the trend after year 2008. Among the reasons that can be evoked related to the recent declining in the usefulness of inventions include:
The recent inventions are mostly extensions of the great past inventions, and no longer fundamentally improve the standard of living significantly as they used before.
The time lag is long between the moment of innovation and its effective broad dissemination in the economic landscape: it may well be that their effects to economic growth and living standards are revealed much later.
The impacts of macroeconomic instability, such as oil price movements, as well as the financial crises of 1997 and 2008, have probably contributed to the decline of the role of innovation (Griliches, 1988) .
The effects of offshoring due to globalization can be significant. Whereas R&D and patent activities occur domestically, a part of the economic output is increasingly relocated overseas, particularly for less sophisticated production, requiring less highly qualified operating personnel.
The drawback of using patents as a proxy for innovation can be misleading: if patents are used by firms to protect their inventions, some prefer secrecy over patenting, depending on the value of invention. Moreover, only large companies have the means to patent their products, because small businesses cannot afford to pay fees. Similarly, some firms file patents to bar access to competitors. Table 11 also shows that gross domestic expenditure on research and development (GERD) provides long-term benefits for the economy, as one USD GERD generates 42.7 USD additional GDP. A short-term effect is also present with a negative sign at one year and positive sign at two years. The GERD elasticity of GDP is 0.329 for the long-term. These findings are also valid ( Table 9 in Appendix) when the panel excludes countries like Korea, China, and USA, which have the highest R&D intensity levels during the period 2010-2014 ( Figure  10) . However, the value of the long-term coefficient (0.04267) is the medium value among 91 values, and one should outline the presence of 28 negative values.
In fact, it is worth remembering that R&D expenditures can moderately measure the level of innovation since they capture only commercial innovation conducted by specifically defined R&D departments. The findings of the analysis conducted in this study indicate that R&D expenditures have a positive long-term impact on GDP, in compliance with the endogenous growth theory pioneered by Romer (1986) and Lucas (1988) who stressed the importance of innovation as a driving force of economic growth.
It is worth underlining that real GDP per capita is positively related to R&D expenditures expressed as percent of GDP, as well as to the number of researchers per million people (Table 13 in the Appendix).
CO2 emission drivers.
It should be stressed that CO2 emissions are defined as the domestic production-based emissions. This definition has a major drawback in mitigating global climate change. Indeed, it overlooks the fact that the reduction of per capita carbon emissions in countries committed by international treaties to binding targets (especially the rich countries), has been accompanied by a significant increase in emissions in countries which are not falling under these agreements (generally the developing countries). Another negative point in using production-based emissions is that they ignore the emissions embodied in international trade and in global production chains.
Be that as it may, focusing on CO2 emissions as dependent variable, analysis of long-term effects reveals the following insights (Table 14 in Appendix). Environmentally related taxes expressed in percent of GDP stands second behind population size and entail a reduction in CO2 emissions (Table 14 in the Appendix).
As market-based instruments to meet environmental objectives, environmentally related taxes are a part of the policy strategy undertaken to take advantage of the growth and promote jobs opportunities provided by eco-innovation and environmentallyoriented products and services related sector. The effectiveness of environmentally related taxes measures is debatable (Figure 14) , and depends on the country's social and economic structure including the share of the manufacturing industry, the share of the service sector, the final energy consumption, the share of fossil fuels in the primary energy supply, the electricity consumption related to the residential and commercial sectors. It also depends on the level of integration among others, market-based instruments, and the policy strategy used.
In our panel countries, China and USA (which together accounted for 45.6% of world carbon emissions in 2013), follow distinct patterns (see Table 10 Thus, for China, carbon emissions have increased significantly due to structural changes in the population. Environmental taxes, although very important, must be continued and well managed in order to cope with the pollution sources caused by growth, as well as those linked to household consumption due to structural changes in the population.
High technology exports come in third place in mitigating CO2 emissions. High-tech exports, which include aerospace, computing, pharmaceuticals, scientific instruments, and electrical machinery, have generally a low carbon emissions intensity and a high value-added. The analysis results show that increasing high-tech exports improves low-carbon emissions in the long, as well as the short term. Thus, a policy that encourages R&D and promotes investments in advanced technologies can help spur export of high value-added products, and hence induce a beneficial effect for the environment.
As would be expected, the decline in the prices of photovoltaic panels induces a decline in CO2 emissions in the long-term. Because solar photovoltaic power plants are highly capital intensive and require significant upfront investments, the levelized energy costs of solargenerated electricity automatically drop as prices decline, which result in an increase of the renewable energy share in the overall energy matrix. Investment costs will also benefit from economies of scale and through the learning by doing process.
The three variables related to R&D budgets (GERD_USD_PPP_2005, RD_EXP_2010US and RD_PCNT_GDP) show a negative effect on CO2 emissions.
This trend also applies to the number of patent applications relating to photovoltaic sector through the PCT variable.
We also note that the total electricity generation contributes to the increase of greenhouse gases.
Interestingly, GDP growth tends to move towards a lower level of CO2 emissions, indicating that an economic growth policy can comply with the objectives of environment policy.
Regarding short-term effects, all the variables have some impacts. In particular, the variable for the environmental taxes expressed in percent of GDP has the highest effects among all the variables considered in the analysis and is more likely to affect positively CO2 emissions. On the other hand, the raise of high technology exports entail diminishing CO2 emissions in the short-term. It is interesting to note that the total electricity generation and the number of inventions for all technologies go in the direction of a slowdown in CO2 emissions. However, GDP as well as the variables related to R&D budgets all show a positive impact on CO2 emissions in the short-term.
Limitations and areas for further research.
However, we must admit that our analysis could be improved in several ways. First, our data suffers from the aggregation problem and the results could have been improved if more disaggregated data were available for instance, for the expenditures of the photovoltaic sector on R&D for the case of India and China. However, such data are not available and is not calculated in the same way as it is calculated for the OECD countries.
Second, in our study, data on CO2 emissions are counted as national emissions from domestic production without taking into account emissions incorporated into international trade, hence, into global production chains. In fact, when deciding on R&D activities, companies do not only consider policies adopted domestically, but usually take into account policies implemented by all other countries including developing ones. Hence, it is more plausible to add other countries to the study sample, especially emerging or developing ones. In the absence of complete data, it would be more interesting to apply the analysis using data on CO2 emissions that take into account emissions incorporated into international trade and into global production chains.
Third, it is generally accepted that during the last two decades several policies were adopted and undoubtedly affected the innovation activities, CO2 emissions and GDP growth. Hence, assessing the impact of such policies on other explanatory variables can help to improve our analysis by deciding if possible, on which other variables to include.
Finally, we believe that the model that we have developed on Eviews is very promising and can be extended to deal with other specifications and hence provide analysis of more complex and realistic cases.
Conclusions and policy recommendations
During the past two decades, many countries took actions to mitigate climate change pursuing a massive deployment of green technologies, undertaking policy efforts to shift the energy needed by the residential, commercial and industrial consumers towards less carbon emissions, allowing for more environmentally-friendly products and services, aiming for sovereignty over their energy self-sufficiency, and aspiring to economic and social progress. These measures were accompanied by significant advances in electricity production technologies, as well as high-level skills targeting the leading share of the green business market.
Based on the principle that innovation is the main driver of economic and social progress, this study focuses on the most active countries in terms of patent applications to identify and analyze the longterm drivers of the real GDP and the CO2 emissions, in their interrelationships between the innovation, environmental taxes, domestic spending on research and development, the electricity generated, the size of population, the high-technology exports, and the price of photovoltaic panel systems.
In this study, a cointegrated panel methodology is considered using the vector error correction model (VECM) to examine the long-run and short-run dynamics through all combinations of variables. For the regression analysis, commonly used variables are selected from readily accessible data sources, satisfying the property of non-stationary. The results are analyzed through regressions that provide convincing outcomes econometrically.
The analysis outlined in this paper demonstrates a certain number of conclusive results:
First, among the explanatory variables considered (four relating to CO2 emissions and six relating to GDP), four variables out of ten satisfy a long-run equilibrium equation: CO2_EMISSION, GDP_2010US, LOG(GDP_2010US) and LOG(GDP_PC). The other variables appear not to be involved as a dependent variable in a long-term equation.
Secondly, the long-term variation of real GDP is significantly impacted by five factors: electricity production, population size, CO2 emissions, innovation, and R&D expenditure.
Real GDP is driven primarily by electricity production, meaning that the economy output is energy-dependent and, hence, electricity generation will result in economic growth. While effect is positive, the magnitude of the impact varies depending on the consumption breakdown among industrial, residential, commercial and public services and transportation. Therefore, policy actions taken to increase efficiency in domestic appliances, to lead a sustainable development through the switching to renewable energy technologies for space and water heating and cooling, to boost the emergence of efficient machines, and to spur the development of new processes that are less energy-intensive, especially amongst power producers and electricity suppliers, will inevitably contribute to foster the economic growth while consuming less electricity.
Real GDP is also positively affected by population size, likely due to increase in human skills and workforce. However, the living standard proxied by real GDP per capita is negatively related to the population size with an elasticity of -0.569, at odds with the implications of endogenous growth models. Hence, the population increase was coupled with a decline in the per capita GDP, and a downward pressure on living standards is expected to continue even as output grows.
Similarly to electricity generation, CO2 emissions are also positively associated with the long-term real GDP, with 280 gr CO2 (76.4 gr carbon) per USD of GDP. In the same vein, CO2 emissions as well as CO2 emissions, per capita are linked to the standard of living, measured via GDP per capita. These findings are valid as long as the CO2 emissions are those generated from national production, and not those embodied in international trade and global production chains.
The role of innovation has decreased on economic growth during the last decade, particularly when China is excluded from the panel, suggesting that innovation probably no longer plays a net positive driver for economic growth as it did in the past. This raises several issues about the possible decline of the usefulness of inventions, also the time lag between the moment of innovation and its effective broad dissemination in the economic landscape. This diminished impact of innovation is most likely due to rising trade openness and offshoring and more broadly to globalization.
The variables related to R&D expenditure indicate broadly a positive effect on real GDP in the long term, particularly considering the World Bank data. Similarly, R&D expenditure expressed as percent of GDP, as well as the number of researchers per million people provide higher living standards in the long term.
Thirdly, CO2 production-based emissions are clearly affected by six factors in the long run. Population size and module selling prices have as expected a net positive effect on CO2 emissions. On the other side, environmentally related taxes (in percent of GDP), high technology exports, the variables related to R&D expenditure and patent applications relating to photovoltaic sector show a negative impact. These findings bring into the forefront the importance of increasing active policy efforts stimulating research and development at global level, especially in renewable energy technologies, as a potential and central pillar to mitigate climate change, while achieving sustainable development. 
